Humic acids (HAs) and fulvic acids (FAs) of two Polar soils were investigated by 13 C NMR and ESR spectroscopies, investigating the degree of humification and the molecular structure. One soil, from Bolshoi Lyakhovsky Island, contains two humus horizons: modern and buried. The other soil, from Wrangel Island, had only one modern humus horizon. The HAs and FAs of the two soils investigated show essential differences. The HAs show fewer oxygen-containing groups in comparison with the FAs, whereas the degree of aromaticity is two or three times higher in the HAs. The 13 C NMR data also show that HAs are very different from FAs in terms of their molecular composition and hydrophobicity. Humification in the Arctic is limited by the very low content of ligninderived compounds, due to the restricted vascular flora. As a result, the HAs, isolated from Polar soils, are more similar to the corresponding FAs than to the typical HAs of temperate soils. This was confirmed by ESR data, which show similar levels of free radical concentration for HAs and FAs and are related to the low level of aromaticity of both materials investigated. Apparently, the humification process in the soils of Polar Arctic deserts is in an initial stage.
Introduction
Soils sublayered by permafrost are widely distributed in cold environments and prevail in the northern hemisphere. Permafrost affects the soil genesis, morphology and also regulates the main chemical and physical processes that determine the structure of the soil cover. Permafrost soils are known to have low degree of humification [1] in comparison with temperate ones, but the question of biodegradability of organic matter in these soils under conditions of climate change has not yet been answered. Soils affected by permafrost are typical for Canada, Greenland, Scandinavia, Russia, China, and Mongolia [2] . Not all of them are Polar soils, because the permafrost of Holocene/Pleistocene age is situated at latitudes more southern than 60 N, mainly in Eastern Siberia, and partially in Mongolia and China. The diversity of permafrost-affected soils is based on the cryopedogenesis process. Polar soils play a key role in the global carbon balance and provide maximum stocks of soil organic matter in the whole pedosphere. Humification is a global process which occurs even in the very severe climatic conditions of the Arctic and Antarctic [3] . There are two limiting factors for humification in permafrost-affected soils: the period of soil biological activity and the presence of lignin-derived compounds as precursors of humification [1] . The period where the temperature is above 0 ∘ C varies from a few days to a few months in different zones of both Polar regions. Organic horizons contain an essential part of phenylpropanoic and lignin-derived compounds in the case of Arctic soils, but these values are very low in Antarctic ones. Another difference is in the stocks of total soil organic matter (SOM), which is higher in polar soils of the northern hemisphere.
It is well known that the humification rate is affected by SOM stocks. Soils of the Yamal and Gydan peninsulas, as well as some soil of Eastern Siberia, have been investigated previously in terms of SOM quality and stocks [4] [5] [6] . Further Siberian soils were studied by 13 b NMR spectroscopy [7] . Nevertheless, humic substances isolated from soils of oceanic islands of the Russian Arctic have not been studied previously for their structural composition. This work aims to investigate the humic substances of Polar desert soils region by 13 C NMR and ESR spectroscopies. The first method allows us to assess the molecular structure of humic substances, while the second one provides data about their paramagnetic activity. (Figure 2) . Many of the permafrost-affected soils are considered to be Crysols or Cryozems. The Russian soil classification identifies Cryozems [8] as soils affected by permafrost and presenting morphological features of cryoturbation. Other soils that do not present cryoturbation morphological features are classified as soils of other classes or orders with an additional verificator "Cryozem." The "keys to soil taxonomy" [9] have a class of Gelisols and the WRD system contains the Cryosol group [10] . The term "Gelisols" is broader than Cryosol, while the term Cryozems is best applied in terms of morphology. In any case, Cryosols and Cryozems, as parts of Gelisol units, are typical soil covers of Siberia and these soils have shown intense changes in morphology and thermic regime in the last decades.
Materials and Methods

Study Sites and Soil
Humic Substances Isolation.
Soil carbon content was not less than 1% in all the samples investigated. The HAs and FAs were extracted according to the procedure recommended by the IHSS [11] . Briefly, HAs were extracted with 0.1 M NaOH (soil/solution ratio 1 : 10) under nitrogen gas. After 24 h of shaking, the alkaline supernatant was separated from the soil residue by centrifugation at 1,516 ×g for 20 min and acidified to pH 1 with 6 M HCl to induce the precipitation of HAs. The supernatant, which contained FA, was separated from the precipitate (HAs) by centrifugation at 1,516 ×g for 15 min. The HAs were then redissolved in 0.1 M NaOH and shaken for 4 h under N 2 before the suspended solids were removed by centrifugation. The HA solution was acidified again with 6 M HCl to pH 1.0 and the HAs were separated by centrifugation. The HAs were demineralized by shaking overnight in 0.1 M HCl/0.3 M HF (solid/solution ratio 1 : 1) and then repeatedly washed with deionized water until the washing reached pH 3. The solid HAs were then freeze-dried. The FA preparations were purified on activated carbon AG-3 according to Forsyth and desalinated on cationic KU-2 (H + form).
2.3.
13 C NMR Spectroscopy. The 13 C NMR spectra of the airdried HA and FA samples were recorded on a JNM-ECA 400 NMR spectrometer (JEOL, Japan) with a working frequency of 100.53 MHz using the CP-MAS procedure. The spinning speed was 6 kHz; the contact time was 5 ms and the recycle delay was 5 s. The chemical shifts have been referenced to tetramethylsilane at 0 ppm. The quantitative processing was performed by numerical integration in the regions corresponding to the functional groups and molecular fragments with preliminary automatic correction of the phase and the baseline using Delta v. 5.0.2. (JEOL, Japan).
Groups of carbon species have been identified by the intervals of chemical shift ( Table 1) . Standardization of quantitative characteristics of HAs and FAs acids was performed by the following parameters: the percentage of aromaticity − Ar/(Ar + AL) [12, 13] and the degree of organic matter decomposition (b,H-alkyl/O,N-alkyl) [13] . Moreover, an integral index of molecule hydrophobicity was used for humic substances (AL H,R + Ar H,R ), which calculated the sum of unoxidized atoms of carbon [14] . This index provides information about the amphiphilic properties of humic substances. Signals of aromatic structures (Ar) were calculated International Journal of Ecology 
Results and Discussion
HAs isolated from Arctic soils are quite different from the FAs of the same layers on elemental as well as structural composition ( Table 2 ). The HAs contain more carbon and nitrogen, whereas the FAs contain more oxygen. In the aliphatic carbon region, all the HAs spectra exhibit one relatively sharp peak centred at 30 ppm, which can be tentatively assigned to methylene C at positions , , , and from terminal methyl groups (15 ppm) in alkyl chains [15] (Figures 3 and 4) . These methylene C atoms are believed to arise from the recalcitrance and accumulation of waxes, lipids, cutin, and suberin polymers from plants [16] [17] [18] . All spectra also exhibit a peak at 55 ppm, which is due to methoxyl groups and it is normally associated with lignin-derived structures such as those of syringyl and guaiacyl units [19] . Nevertheless, resonance in this chemical shift region may also derive from C at position in polypeptides (-C(O)-C * (R)H-NH-) n [17, 20] . A very intense signal at 71 ppm in the spectra is characteristic of carbons in CH(OH) groups, such as those of the ring carbons of carbohydrates [15] . Resonance in this spectral region spreads from 64 to 90 ppm, which is likely to originate from the various HC-OH fragments of cellulose or other carbohydrate structures [17] . Besides this spectral signature, additional signals of carbohydrate-like structures were further identified in the majority of the HA spectra. The weak resonance at approximately 62 ppm is typical of CH 2 Ogroups (C6 carbons) of hexoses units from polysaccharides [21] . The presence of a downfield resonance at 101 ppm, which is representative of anomeric C, further corroborates the presence of carbohydrate-like moieties in the soil HA and FA samples. The most intensive signals are related to the carbohydrates area of the FAs. In the aromatic region, the resonance within the chemical shift region between 105 and 144 ppm may originate from unsubstituted and alkyl-substituted aromatic C. The signal at approximately 149 ppm is typical in spectra of lignin structural units and it is attributed to oxygen-substituted aromatic ring C, such as those of syringyl and guaiacyl units [17, 19] . The NMR spectra of HAs show a substantial proportion of aromatic compounds, whereas this value is very low in FAs ( Table 2) .
The carboxyl region (164-183 ppm) is dominated by a peak with a maximum at approximately 171 ppm, largely attributed to carboxyl C but also to carbonyl C from amides and polypeptides [17, 22] . The comparative analyses of molecular structure and elemental composition show that FAs are enriched in oxygen components, which determine increased hydrophilicity and ability to migrate in aqueous solutions (Table 3) . Similar results were obtained previously for soils of Alaska [23] and the Ural Mountains [24] . The high relative content of carboxylic groups in FAs would increase their migration ability and biogeochemical activity in Polar terrestrial ecosystems. Quinone C contributes to the very weak resonance at approximately 185 ppm.
The aromaticity index is two or three times higher in HAs than in FAs. In general, HAs are more stable to oxidation and are more condensed and aromatisized than FAs. The index of hydrophobicity (AL H,R + Ar H,R ) is higher in HAs than in FAs. In general, the humification degree, assessed by the b,H-alkyl/O,N-alkyl ratio is higher for HAs. Comparing HAs from the two soils, the HA from Bolshoi Lyakhovsky shows a higher degree of humification than that from Wrangel Island ( Table 4 ).
The aromaticity degree and the hydrophobic level are higher in HAs than in FAs. These results support the evidence that the humification is a well expressed and intensive process in Polar deserts of the Russian Arctic, which results in the formation of two different groups of humic substances, HAs and FAs, which are differentiated in chemical composition and molecular structure. The FAs of the two soils investigated are more similar than the HAs in chemical composition.
Apparently, HAs from Arctic soils are less enriched in aromatic fragments than HAs from taiga soils [22] . The HAs investigated are different from the FAs and the main difference is in the oxygen content and the proportion of aliphatic fragments.
A typical ESR spectrum of HAs and FAs investigated is presented in Figure 5 , and the ESR parameters are similar to HAs and FAs of temperate soils [25] . The spectra show a single wide line with a factor ranging from 2.0032 to 2.0037, which is attributed to the presence of stable semiquinone free radicals in the HA and FA macromolecules (Table 5) .
On average, the -factor is higher in FAs than in HAs, which suggests that the free electron in FAs is more shifted towards the oxygen atom than in HAs.
Conclusions
Humic and fulvic acids of some Polar soils were investigated by 13 C NMR an ESR spectroscopies to reveal the humification degree and their specific molecular structure in Arctic soils. Humic substances of two soils investigated show a substantial difference in aromatic compound portion due to different levels of polymerization of HAs and FAs. HAs show the lower content of oxygen-containing groups in comparison with FAs, while the degree of aromaticity is two or three times higher than in FAs. The degree of aromaticity of buried organic material from Bolshoi Lyakhovsky Island is greater than that in the humus horizon of the modern soil.
The 13 C NMR data show that HAs are very different from FAs in terms of molecular composition, degree of aromaticity, and hydrophobicity. Humification in the Arctic appears to be very limited by the low content of compounds derived from the restricted vascular flora. As a result, the HAs from Polar soils are more similar to their corresponding FAs than they are to HAs from temperate soils. ESR data show that the levels of free radical concentration are comparable in HAs and FAs. The low free radical concentrations can be related to the low level of aromaticity of both HAs and FAs. Thus, the humification process in Polar Arctic desert soils can be considered to be in the initial stage, though leading to the formation of two differentiated groups of humic substances in soils, HAs and FAs.
